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It has been suggested that Gamma Ray Bursts (GRB) may enable the expansion rate of our Universe to be 
measured out to very high redshifts (z ^ 5) just as type la supemovae have done at a ~1-1.5. We explore this 
possibility here, and find that GRB have the potential to detect dark energy at high statistical significance, but 
they are unlikely to be competitive with future supernovae missions, such as SNAP, in measuring the properties 
of the dark energy. The exception to this conclusion is if there is appreciable dark energy at early times, in 
which case the information from GRB’s will provide an excellent complement to the a ~ 1 information from 
supernovae. 
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INTRODUCTION 


By observing distant type la supernovae (SNe la), the ex¬ 
pansion history of our Universe has been studied out to red- 
shift of order unity. These observations have showed that the 
expansion rate of our Universe is accelerating Qt, which is 
generally attributed to the presence of dark energy. These ob¬ 
servations allow us to measure the expansion rate only over 
recent times, however. If our Universe’s expansion rate could 
be measured over a range of higher redshifts, that could pro¬ 
vide a useful discriminator of various models of dark energy - 
especially those models with a sizable quantity of dark energy 
at early times. 

With this in mind, we here consider using Gamma Ray 
Bursts (GRB) as cosmological probes. The primary advan¬ 
tage of GRB over SNe la is that they are considerably brighter 
and thus can be observed at much higher redshifts. The av¬ 
erage GRB observed by the currently operating Swift satellite 
has aredshift of ^ 2.8 (^, whereas the highest redshift SNe la 
among the 157 in the ’’gold” sample of Ref. (3l is less than 1.8. 
Swift is expected to detect several GRB each year at z > 5. 

GRB have substantial disadvantages in comparison to la 
SNe, as well. SNe la are powerful probes of our Universe’s 
expansion because their intrinsic luminosity can be inferred 
independently of any redshift measurement - ie. they are stan- 
dardizable candles. The degree to which GRB can be used as 
standard candles is not yet fully known. Although the quan¬ 
tity of (geometrically corrected) energy released in the jets of 
long duration GRB is clustered around 1.3 x 10®^ ergs 0], 
the dispersion of this quantity is too large to be of much use 
in studying cosmology. This dispersion can be considerably 
reduced, however, by making use of the various known cor¬ 
relations between the luminosity of a burst and its other ob¬ 
servable parameters. Such correlations include those associ¬ 
ated with the variability and spectral lag @] of a GRB. In 
addition to these, two other well-known GRB luminosity indi¬ 
cators have appeared in the literature |0]. We will not discuss 
these here, as they are either too inaccurate or poorly estab¬ 
lished to be adopted reliably at this time. It appears at least 
plausible, however, that observations by Swift and other ex¬ 


periments will improve our ability to accurately determine the 
intrinsic luminosity of GRB. The degree to which this can be 
accomplished will determine the usefulness of GRB to cos¬ 
mology. 

Here we study how much can be learned about cosmologi¬ 
cal expansion from GRB’s. In particular, we ask whether fu¬ 
ture Swift observations will pin down properties of the dark 
energy, and if so, how these projected constraints compare 
with the expected results from la SNe. 


STANDARD DARK ENERGY PARAMETERS 


By measuring the apparent magnitude m of a standard can¬ 
dle with known absolute magnitude M, we can infer the dis¬ 
tance modulus at the redshift of interest: 

p(z) =m-M = 51ogio • (1) 


The luminosity distance is an integral over the time varying 
Hubble rate: 

SO, in principle, we can hope to learn about the expansion his¬ 
tory of the universe by measuring distance moduli at a variety 
of redshifts. 

With this mind, consider a popular model for the expansion 
history; 


H{z) — Hq Hm(l + z)^ -f (1 — 


w) 


1/2 


(3) 


Here Hq = lOO/i km sec“^ Mpc“^ is the current value of the 
Hubble constant; is the matter density in units of the crit¬ 
ical density; and w is the equation of state of the dark energy, 
assumed constant. This model assumes that the universe is flat 
so that Hde = 1 — ^m- We assume throughout that the true 
model has h = 0.7 and Hde = 0.7. 


Let us ask how future observations of la SNe and GRB will 
constrain these parameters. We simulate a sample of 2069 
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FIG. 1: Redshift distributions of la Sne and GRB from simulations 
of future SNAP and Swift missions. 


la SNe with the redshift distribution expected in the SNAP 
mission @| and an intrinsic dispersion in the distance modulus 
of cr = 0.16. The currently operating Swift satellite is able 
to detect roughly ~100 long-duration GRB per year, about 
half of which include a redshift measurement. We assume 
400 GRBs with redshifts drawn from a redshift distribution 
following the star formation rate (which has been shown to be 
consistent with the first Swift data 101). The redshifts from 
these simulations are shown in Fig.Q 

Besides the smaller numbers, GRB suffer from a larger in¬ 
ternal dispersion. The scatter observed in measurements of 
variability and spectral lag in GRB are roughly criog(iag) ~ 
0.3-0.4 and criog(var) 0.2. This ultimately leads to a disper¬ 
sion in GRB magnitude of roughly 0.6 to 0.7, which is about 
four times worse than with la SNe 0]. We use <j = 0.64 as an 
estimate of the current internal dispersion of GRBs, but argue 
that this is conservative. Liang and Zhang 0] have considered 
a wider range of GRB observables to construct an empirical 
relationship to determine GRB luminosity. Using this tech¬ 
nique, they reduce the dispersion to tr ^ 0.45. We find it 
likely that future observations of large numbers of GRB will 
reveal stronger luminosity indicators, which translate to even 
smaller dispersions. 

Fig.El shows the projected constraints from SNAP and 
Swift on dark energy parameters. Even if the internal dis¬ 
persion of GRBs gets no better than its present value. Swift 
observations should be able to detect dark energy at high sta¬ 
tistical significance. That is, even the outermost contours in 
Fig. 121 represent a > 5cr detection of dark energy. This will 
be an important confirmation of the SNe results because it is 
possible, although unlikely, that the SNe observations are not 
the result of accelerated expansion, but rather of other effects, 
such as the absorption of the light from la SNe by dust fllil . 
Although this hypothesis has been challenged 11 ill , it will be 



FIG. 2: Constraints on dark energy parameters that could be obtained 
from 2069 la SNe (e.g., SNAP) and 400 GRB (e.g.. Swift). The 
weakest contsraints (red hatched) come from GRB with the internal 
dispersion equal to the current (conservative) value of 0.64. If cor¬ 
relations can be found which reduce the internal dispersion to 0.16 
(green, parallel to other GRB), then the constraints become tighter, 
but still looser than those from la SNe with dispersion 0.16 (inner¬ 
most blue). Part of the reason that the GRB constraints are weaker 
is that lensing by large scale structure is more damaging for high 
redshift sources. 


nice to have independent confirmation.* At the energies at 
which GRB are observed (keV-MeV), the effects of dust ex¬ 
tinction should be entirely negligible. Therefore a measure¬ 
ment of our Universe’s expansion history using GRB could 
exclude the possibility of dust mimicking the effects of accel¬ 
erated expansion in the observations of la SNe.^ 

While Swift observations could provide independent evi¬ 
dence for dark energy. Fig. |2] shows that the anticipated sta¬ 
tistical constraints on standard dark energy parameters are not 
competitive with those expected from la SNe. Even if the 
GRB internal dispersion can be reduced, the constraints from 
GRB will probably not be as strong as those from SNe. The 
green contour in Eig.|21shows that, even if the internal disper¬ 
sion is reduced by a factor of 4, the GRB sample will be less 
constraining than SNe. Part of this conclusion is based on the 
effects of gravitational lensing flsll . The additional dispersion 
due to the inevitable lensing by large scale structure increases 
with source redshift. Eor SNe, the lensing dispersion is likely 
to be smaller than the internal dispersion, but for GRB’s at 
high redshift, lensing significantly loosens constraints. Eor 
exmaple, in our best-case scenario, wherein the internal dis¬ 
persion is 0.16, the dispersion due to lensing becomes greater 


* Combined measurements of the CMB and matter density suggest that the 
total density is more than three times larger than the matter density. This is 
another sh'ong argument for dark energy. 

^ It has also been suggested that the dimming of la SNe might be the effect 
of the oscillating of photons into axions instead of accelerated expansion 
El. This occurs for both optical and gamma-ray photons, however, and 
therefore cannot be distinguished using GRB. 
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than the internal dispersion at redshift 2.7. 

We note that other authors have estimated the ability of 
GRB to constraint cosmological parameters, including Ha 
Oil III Although our results appear to be consistent with 
these studies, we emphasize that any conclusions depend crit¬ 
ically on the dispersion assumed in any future GRB sample. 


MODEL-INDEPENDENT CONSTRAINTS ON THE 
EXPANSION HISTORY 

Conclusions about the relative merits of SNe and GRB’s 
depend on the underlying model. We are led to ask therefore 
how well each will do in constraining the expansion history 
in a model-independent way. As demonstrated by Wang and 
Tegmark fT^I . distance modulus data can be used to constrain 
H{z) without assuming any underlying model. Eq.|2lcan be 
discretized to read 

di,, = (4) 

where the kernel Ay = (1 -f Zi)Az and we have assumed 
the Hubble radius is constant over bins of width Az. Written 
this way, it is clear that extracting the expansion history H~^ 
or equivalently H{z) is tantamount to solving an inversion 
problem, a problem that cosmologists have dealt with success¬ 
fully in several context s llisll . Here we follow the technique 
of Wang and Tegmark lllhll to project uncorrelated error bars 
on the expansion history from current and future surveys. 

Our ability to constrain the expansion history of our Uni¬ 
verse using la SNe is shown in figure 0 In the top frame, the 
status of the current data consisting of 157 la SNe (the ’’gold” 
sample) is shown. In the bottom frame are results for a simu¬ 
lated sample of la SNe corresponding to the expectations of a 
future SNAP mission. Figure [^demonstrates that la SNe are 
effective tools for measuring the expansion rate of our Uni¬ 
verse in a model-independent way. The current data provide 
some degree of information out to z 1-1.5, and SNAP should 
be able to map this history out to z ~ 1.7 (the maximum red- 
shift in the simulation) with some accuracy. Nothing can be 
revealed at higher redshift using these objects, however. 

The range of redshifts which can be explored using la SNe 
is the range in which dark energy is expected to play an im¬ 
portant role in most models. For example, if the dark en¬ 
ergy of our Universe is a cosmological constant, then the 
ratio of the matter density to the density of dark energy is 
Pm/PA = (1 + -^)^IIm/(l — Urn)- If this is the case, then 
hy z = 1.5, Pm!P a ^ 7 and dark energy has little effect at 
redshifts larger than those studied by la SNe. In this, as in 
most models, the Universe was highly matter dominated with 
little in the way of dark energy at z > 1.5. It is important to 
note, however, that we do not yet have any observational evi¬ 
dence that these models are correct. Our understanding of our 
Universe’s evolution is based upon the observations of three 
times in its history: Big Bang Nucleonsyntheis (BBN), the 
formation of the Cosmic Microwave Background (CMB) and 




FIG. 3: The ability of la SNe to constrain the expansion history of 
our Universe. In the top frame, results from the 157 la SNe of the 
’’gold” sample H are shown. In the bottom frame, the results from 
a simulated sample of 2069 la SNe with a = 0.16 are shown, as 
is expected for a future SNAP mission. The solid line represent a 
model with Ha = 0.7, h(0) — 0.65 and a flat Universe. The dashed 
lines are similar models with Ha = 0.6 and 0.8. In the case of the 
simulated data, the Ha = 0.7 model is the ’’true” model. 


the recent epoch, including la SNe measurements. The pe¬ 
riod between z ~ 1000 and z ^ 2 is, therefore, very poorly 
constrained. 

GRB, which can be observed at higher redshift, will be able 
to constrain the expansion history of our Universe at earlier 
times than SNe. This is illustrated in hgurel^for samples of 
400 Swift GRB with an intrinsic dispersion in their bright¬ 
ness of CT =0.65, 0.30 and 0.16. Consider the (optimistic) 
lower panel, for which the internal dispersion is 0.16. In that 
case the Hubble rate at redshift 2 would be constrained to 
within ~ 20%. This means that the dark energy at redshift 2, 
cx (H/Hq)'^ — 27Hm, would be constrained to within ~ 50% 
since other experiments will likely pin down the matter den¬ 
sity to within a percent or two. Such a constraint would be an 
important bridge in the gap between the constraints at redshift 
unity and those at z ~ 1000. In short, cosmological measure¬ 
ments with GRB can be quite a powerful tool, extending the 
Hubble diagram to much higher redshifts than la SNe. 
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FIG. 4: The ability of 400 Swift GRB’s to constrain the expansion 
history of our Universe in a model-independent fashion. From top to 
bottom, panels show GRB constraints on the expansion history as in¬ 
trinsic dispersion is lowered from 0.65 to 0.30 to 0.16. In all panels, 
curves are A models with FIa = 0.7 (solid), 0.6 (upper dashed), 0.8 
(lower dashed). In the lowest frame, also shown are error bars with¬ 
out the additional dispersion due to gravitational lensing (slightly off¬ 
set to the left). 


PARAMETRIZED EARLY DARK ENERGY MODEL 



z 



FIG. 5: Projected constraints on the early dark energy model of 
Eq. with B = 2. Top panel shows the evolution of the Hubble 
rate in the model as compared with the evolution in ACDM (which 
corresponds to B = 0. 


oscillating equation of state 

w{a) = —cos{B In a), (5) 

where a is the scale factor and i? is a free parameter. In this 
model, the equation of state of the dark energy currently is 
close to -1, as is observed, but varied between 1 and -1 in past 
times. After radiation domination, the Universe underwent 
periodic eras of matter and dark energy domination, thus pro¬ 
viding an explanation for the ’’why now” problem in. The 
rate of these oscillations is consistent with current observa¬ 
tions over the range 0.4 < B < 2.0 ffsll . 

If the of value of B is sufficiently large, then dark energy 
would be prevalent at redshifts measurable with GRB. The 
ability of Swift to constrain such a scenario is shown in fig¬ 
ure |3 Here the complementarity of SNe and GRB measure¬ 
ments is striking. The parameter B dictates the level of dark 
energy at high redshifts where SNe have little constraining 
power. With small internal dispersion GRB can measure the 
dark energy abundance at high redshift ('^ 3) and therefore 
place tight constraints on B. Even with the current value of the 
internal dispersion, 400 GRB’s would constrain B as tightly 
as SNe. 


To drive home the point that GRB are powerful probes of 
early dark energy models, we focus on one model in which a 
non-negligible quantity of dark energy is present at high red¬ 
shifts 1171 IlSll . In particular, we consider a model with an 


CONCLUSIONS 

In this article, we have studied the possibility of constrain¬ 
ing the properties of dark energy using future observations 
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of Gamma Ray Bursts (GRB). GRB are brighter than Super¬ 
novae (SNe), and thus can be observed at much higher red- 
shifts. The Swift satellite, for example, can measure several 
GRB at redshift above 5 each year. This is in contrast to type 
la SNe observations, which are limited to redshifts smaller 
than 1.7, even with an experiment such as SNAR 

The weakness of using GRB as cosmological probes lies in 
the degree of scatter in their intrinsic luminosities. The de¬ 
gree to which GRB are standardizable candles is not yet well 
known. Currently known relationships between GRB lumi¬ 
nosity and other independent observables (such as variabil¬ 
ity and spectral lag) have led to magnitude dispersions on the 
scale of O' ^ 0.6. With this level of dispersion, GRB should 
be able to detect dark energy at a significance above 5a, thus 
providing an independent verification of SNe observations. 

It is quite plausible, however, that future observations will 
enable GRB luminosites to be determined with substantially 
higher accuracy. Even if the magnitude dispersion of GRB can 
be substantially reduced, however, these objects will probably 
never compete with SNe as probes of dark energy. Part of the 
reason for this is that lensing by large scale structure becomes 
more important for sources at high redshifts. This results in 
a floor on the total dispersion of high redshift GRB and ulti¬ 
mately on the statistical error on the dark energy equation of 
state. 

The one caveat to this conclusion is if there is appreciable 
early (z > 1.5) dark energy. In that case, GRB will provide a 
useful and complementary probe of the expansion history of 
our Universe. 
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